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This pa  per pres  ents the re  sults of re search  on  pho ton  re flec tion from plane tar  gets based on
Monte  Carlo  sim u la tions  per formed by the MCNP code. Five  ma te ri als  (wa ter,  con crete,  alu mi -
num,  iron,  and  cop  per)  are  ex  am  ined in the area of  ini  tial  pho  ton  en  er  gies  of  up  to 200 keV .
The values of the to  tal num  ber albedo for pho  tons de  pend  ent on the ini  tial pho  ton en  ergy or the
mean num ber of pho ton scatterings are cal cu lated and graph i cally presented. We have shown that 
the val  ues of the to  tal num  ber albedo for dif  fer  ent tar  get ma  te  ri  als, ex  pressed as a func  tion of the
mean num  ber of pho  ton scatterings, are in good agree  ment with each other and can be ap  prox  i  -
mated by sim  ple, uni ver sal an a  lytic func  tions ob tained by the least squares method. The ac  cu racy
of these an a lytic appoximations is con firmed by their comparison with the re sults of PENELOPE 
and FOTELP Monte Carlo codes.
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IN TRO DUC TION
In  re cent  times,  the  pos si bil ity  of  rep re sent ing
dif fer en tial  and  in te gral  re flec tion  co ef fi cients  in  the
form of uni ver sal func tions has been in the fo cus of re -
search  ers en  gaged in the applied transport theory of
var i ous par ti cles such as ions, elec trons, neu trons, and
pho tons, for ex am ple [1-3]. The re sults of their stud ies
are sig nif i cant both meth od olog i cally and from a prac -
ti  cal point of view. From a the  o  ret  i  cal stand  point, the
search for a uni  ver  sal def  i  ni  tion of the re  flec  tion co  ef -
fi cient  is  con du cive  to  find ing  common  me thod i cal
means  for  study ing  and  de fin ing  the  het er o ge neous
pro cesses of phys i cal trans port. From a prac ti cal point
of view, the de ter mi na tion of uni ver sal re flec tion co ef -
fi  cients would re  sult in the re  duc  tion of vo  lu  mi  nous
tech ni cal data now needed, ta bles pres ently used in en -
gi neer ing  man u als  and  over all  sim pli fi ca tion  of  their
use [4].
In the do main of med i cal di ag nos tics, i. e. the ini -
tial  pho ton  en ergy  range of up to 100 keV, the re  flec  -
tion of pho  tons has been the sub  ject of  ex ten sive  re -
search,  pri mar ily  by  Monte  Carlo  sim u la tion
tech niques aimed at cal cu lat ing re flec tion  co ef fi cients
and, to the same ex  tent, of semianalytical pro ce dures,
for the most part ap  plied in the anal  y  ses of com  mon
prop er ties of the re flec tion phe nom ena [5, 6]. Over the
course of these in ves ti ga tions, intial steps in for  mu lat -
ing re flec tion co ef fi cients in the form of uni ver sal an a -
lytic func tions  which  would ap  ply to all ini  tial pho ton
en er gies, as well as a num ber of ma te ri als used in ra di -
a tion  pro tec tion, have been made [7, 8]. By se  lect  ing
an  ap pro pri ate  ar gu ment  for the re flec tion  co ef fi cient
(for ex  am  ple, the en  ergy of ini tial pho  tons, the prob  a  -
bil  ity of large-an gle  pho ton  scat ter ing,  or the mean
num  ber of pho  ton scatterings),  the  var i ous  pos si bil i -
ties of ex press ing  par ti cle  and  en ergy  to tal  re flec tion
co ef fi cients have been ex am ined. It turns out that if the 
mean num  ber of pho  ton scatterings is cho  sen as an ar  -
gu ment, then the to tal re flec tion co ef fi cient becomes a
nearly  uni ver sal  func tion  [9]. 
This pa  per is  a  con tin u a tion  of our pre  vi  ous stud  -
ies and a more com  plete for  mu  la  tion of the uni  ver  sal
prop er ties of pho ton  re flec tion.  In  com par i son  to our
ear lier  works, the list of treated ma te ri als  is  ex panded
with con crete and cop per and the range of pho ton ini tial
en er gies  is  extended  up to 200 keV. The  cal cu la tions
were per  formed by the MCNP code [10], and based on
them, the re  sults for the to tal  num ber  albedo  and  the
mean num ber of pho ton scatterings as func tions of pho -
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* Cor re spond ing  au thor;  e-mail:  v.ljubenov@iaea.orgton ini  tial en er gies  gen er ated.  Then  the  to tal  num ber
albedo was pre sented as a func tion of the mean num ber
of  pho ton  scatterings,  ap prox i mated by two fit ting
func tions,  us ing  the  least squares method. These func  -
tions have a uni ver sal shape and their ac cu racy was ver -
i fied  by  com par i son  with the re  sults of FOTELP and
PENELOPE Monte Carlo codes [11, 12].
TO  TAL NUM  BER ALBEDO OF PHO  TONS
FOR EN  ER  GIES UP TO 200 keV
The val  ues of the to  tal num  ber albedo for pho  -
tons are ob  tained by nu mer i cal  sim u la tions  of  pho ton
re flec tions for en er gies of inital pho tons up to 200 keV, 
de ter mined  by  the  MCNP  code. Typ i cal  ma te ri als  that
ap pear  in the med  i  cal ap pli ca tion  of hun  dred keV-en  -
ergy pho tons  are treated: wa  ter, con  crete, alu mi num,
iron,  and cop  per. Com  plete data on the def  i  ni  tions of
rel e vant  phys i cal  val ues,    nu mer i cal  sim u la tions,  cal -
cu la tions of dif fer ence num ber albedo, and pro ce dures 
of  par ti cle albedo cal  cu  la  tion – can be found in our
pre  vi  ous pa  pers [6-9]. Here, we give only the graph  i  -
cal rep re sen ta tions of the to tal num ber albedo in  or der
to il  lu  mi  nate the con  cept of a new anal  y  sis of pho  ton
re  flec  tion as a func  tion of the mean num  ber of pho  ton
scatterings.
To tal  num ber  albedo  de pend ent  on
ini  tial pho  ton  en  ergy
The to tal num ber albedo for five se lected ma te ri -
als is shown in fig. 1 as a func tion of  the ini tial pho ton
en ergy.  It is ev  i  dent that in the range of ini  tial pho  ton
en  er  gies up to 200 keV, albedo co ef fi cients  de pend
strongly on this ar gu ment and have continual-grow ing 
forms, reach  ing a weak max i mum  at higher en er gies
for wa  ter. How ever,  from fig. 1, we can also see that
the albedo co ef fi cients  are highly de  pend  ent on the
type of ma te rial, with a gen eral ten dency of pho ton re -
flec tion  decreasing  with the in  crease in the den  sity of
the  ma te rial.  This  de pend ence  is not pre  cisely de fined
and, in the ap pro pri ate  lit er a ture,  albedo  co ef fi cients
are for the most part dis played in the form of ta bles. In
other words, it is dif  fi  cult to find a unique func  tion
within the en  ergy vari  able ca  pa  ble to describe pho ton
re flec tion  for  dif fer ent  ma te ri als.
Mean num  ber of pho  ton scatterings
de pend ent  on  ini tial  pho ton  en ergy
In our pre vi ous work, the mean num ber of pho ton
scatterings was cal  cu  lated by the FOTELP code for
three  shield ing  ma te ri als  (wa ter,  alu mi num,  and  iron)
and a lim  ited num  ber of ini  tial pho  ton en  er  gies in the
range of 20 keV to 100 keV [8, 9]. More  over, the mean
num  ber of scatterings was de  ter  mined from the en  -
ergy-an gle dis tri bu tions of re flected pho tons, from data
cor  re  spond  ing to the ab  so  lute peaks of these dis  tri  bu  -
tions.
In this study, the mean num  ber of pho ton  scat -
ter ings  is de  ter  mined by the MCNP code for the five
se lected  ma te ri als  and re  fers to the to tal pho  ton re  -
flec tion  for specific ini tial  pho ton  energies in the
range of 20 keV to 200 keV. These re  sults are shown
in fig. 2.
Con cern ing the de pend ence of the mean num ber
of pho ton  scat ter ings  on the ini  tial en ergy  and  ma te ri -
als,  the ob  tained re  sults con firm  pre vi ous  con clu sions
re gard ing the to  tal num  ber albedo. Look  ing at the
energy vari  able, graphics are slow-grow ing func  tions
with a ten  dency to en ter sat u ra tion at higher ini tial en -
er gies.  As it might be ex  pected when these types of
ma te rials are con cerned,  for low den sity ma te ri als the
mean num  ber of pho ton  scat ter ings  has higher val  ues
than for higher den sity  ma te ri als. In short: for lighter
ma te ri als  and  higher  en er gies,  pho tons  are  re flected
af  ter a larger num  ber of scatterings than for heavier
ma te ri als  or  at  lower  ini tial  pho ton  en er gies.
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Fig  ure 1. To  tal num  ber albedo of se  lected ma  te  ri  als as a
func  tion of the en  ergy of incident photons
Fig  ure 2. Mean num  ber of pho  ton scatterings for
se lected  ma te ri als  prior  to  re flec tionTo  tal num  ber albedo de  pend  ent on the
mean num  ber of pho  ton scatterings
The sim  i  lar  ity in grafics of the to  tal num  ber
albedo and the mean num  ber of scatterings of low-en  -
ergy pho  tons, both drawn vs. the ini  tial pho  ton en  ergy
and dif fer ent types of tar get ma te rial (see figs. 1 and 2), 
sug  gests that the de  pend  ence of the to  tal num  ber
albedo on the mean num  ber of scatterings should be
in  ves  ti  gated. This de  pend  ence is shown in fig. 3.
The ab scissa in fig. 3 rep re sents the mean num -
ber of pho  ton scatterings corresponding to the in  ter  -
val of ini tial en er gies of 20 keV to 200 keV, while the
val ues of to tal num ber albedo are placed in the fig ure
or  di  nate. For ex  am  ple, the end  point in the graph for
wa  ter shows the value of the to  tal num  ber albedo for
wa  ter (0.415), cor  re  spond  ing to the mean num  ber of
pho  ton scatterings in wa  ter be  fore leav  ing the tar  get
(3.92); both of these val  ues be  ing ob  tained by the
MCNP sim  u  la  tion for the ini  tial en  ergy of 200 keV.
From fig. 3, we can see that the val ues  of the to  tal
num ber  albedo  for the five se lected  ma te ri als  largely
coalesce in  al most a sin gle line or a narow track, es pe -
cially  for  lower  en er gies. This com  mon shape of the
to  tal num  ber albedo for all treated ma  te  ri  als re fers  to
the  pos si bil ity  of  de scrib ing  pho ton  re flec tion  by  an
uni ver sal  func tion over the mean num  ber of
scatterings.
Two fit  ting functions of the to  tal
num ber  albedo
The values of the to tal  num ber  albedo  cal cu lated
from  MCNP  sim u la tion  re sults  are  fit  ted by the usual
least squares method in the form of the sec  ond or der
poly no mi als over the mean num ber of pho ton scat ter ing
a n n n N ( ) . . . = - + - 002632 029466 027632
2 (1)
a n n n N( ) . . . =- + - 003111 030513 028687
2 (2)
Here, aN is the to  tal num  ber albedo and n – the
mean num  ber of pho  ton scatterings.
The first fit – Fit 100, eq. (1) – re fers to the in ter -
val of en er gies from 20 keV to 100 keV, while the sec -
ond one – Fit 200, eq. (2) – is com puted for the en ergy
in ter val of 20 keV to 200 keV. Fig ure 4 shows both fits
in the form of solid and dashed lines and the re  sults of
MCNP simulations of pho  ton reflection by dif  fer  ent
sym bols  for  se lected  ma te ri als.
In a com mon in ter val of two fits of up to 100 keV,
the  max i mum  of  ab so lute  de vi a tion be  tween them is
found for wa  ter at the value  of  ab  scissa of 3.26, cor  re  -
spond  ing to the value of 100 keV in the en  ergy of the
ini tial pho tons. It amounts to 0.027 mea sured in units of
the to  tal num  ber albedo, which is equiv  a  lent to 6.85%
of the rel a tive  de vi a tion.
The  max i mum  ab so lute  de vi a tion  of  the  MCNP
re  sults and the Fit 100 val  ues  in the in  ter  val of up to
100 keV is found for wa ter at an en ergy of 50 keV, i. e.
at the ab  scissa value of 2.32,  ap prox i mately.  It
amounts to 0.008 mea sured in units of the to tal num ber
albedo,  cor re spond ing  to  2.77% of the rel a tive  de vi a -
tion.
Sim i larly,  the  max i mum  ab so lute  de vi a tion  of
the MCNP re  sults and the Fit 200 val  ues in the in  ter  -
val of up to 200 keV is found for wa ter at an en ergy of
80 keV (at the ab scissa value of 2.98) and amounts to
0.025 in units of the to tal num ber albedo, or 6.75% of
the rel a tive  de vi a tion.
For  all  other  ma te ri als  ana lysed,  max i mal  ab so -
lute de  vi  a  tions are lower than for wa  ter. How  ever, at
lower lim  its of the mean num ber  of scatterings (at the
graphic’s left end), due to the small values of the to  tal
num ber albedo, rel a tive de vi a tions have higher val ues.
Fig  ure 5 shows the same Fit 100 and Fit 200
curves based on MCNP cal  cu  la  tions (full and dashed
line, re  spec  tively) and the val  ues for the to  tal num  ber
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Fig ure  3. To tal num ber albedo for se lected ma te ri als as a 
func tion of the mean num ber of pho ton scatterings prior
to  re flec tion
Fig ure  4.  Two fits of the to  tal num  ber albedo sim  u  la  tion
data in the form of  sec ond  or der  poly no mi alsalbedo, based on Monte Carlo cal  cu  la  tions for wa  ter,
alu mi num,  and  iron  (dif fer ent  sym bols)  pre vi ously
per formed by the FOTELP and PENELOPE codes for
the in  ter  val of ini  tial en  er  gies up to 100 keV.
Com par i son  of  the  re sults  pre vi ously  cal cu lated
on the ba  sis of data ob  tained by other Monte Carlo
codes and the val  ues de  ter  mined by the an  a  lyt  i  cal fits
of the to tal num ber albedo, shows that the sim ple poly -
no  mial fits for  mu  lated in this pa  per (eqs. 1 and 2) are
good uni  ver sal func tions, at least in the in ter val of ini -
tial pho  ton en  ergy up to 100 keV and for se  lected tar  -
get  ma te ri als.
CON CLU SIONS
A new con  cept of ex  press  ing the to  tal num  ber
albedo of pho tons as a func tion of the mean num ber of
pho ton scatterings is elab o rated in de tail. Com pared to 
the views on the same topic pub lished ear lier, the list of 
shield  ing ma  te  ri  als treated here by hte MCNP code is
ex  panded by con  crete and cop  per and the in  ter  val of
ini  tial pho  ton en  ergy en  larged up to 200 keV. The two
fits of the to  tal num  ber albedo in the form of sim  ple
poly  no  mi  als of sec  ond de  gree over the mean num  ber
of pho  ton scatterings are de  ter  mined by the or  di  nary
least squares method. The com  par  i  son of val  ues for
the to  tal num  ber albedo cal  cu  lated by the fit  ting func  -
tions and PENELOPE and FOTELP Monte Carlo sim -
u la tion  codes,  con firms  that  the  an a lyt i cal  re flec tion
func  tions de  rived here have uni  ver  sal forms for ma  te  -
ri  als tested and en  ergy in  ter  val se  lected. This is a ma  -
jor con tri bu tion of the con cept de vel oped in this pa per, 
i.  e. of the method of anal  y  sis of pho  ton re  flec  tion
which trans  fers the albedo ar  gu  ment from the en  ergy
to the mean num  ber of scatterings.
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Fig  ure 5. Com  par  i  son of the to  tal num  ber albedo val  ues
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UNIVERZALNI  OBLIK  UKUPNOG  ^ESTI^NOG  ALBEDA  FOTONA
PRIKAZAN  U  ZAVISNOSTI  OD  SREDWEG  BROJA
RASEJAWA  FOTONA
U radu su prikazani rezultati istra`ivawa refleksije fotona od ravnih meta dobijeni
na osnovu Monte Karlo simulacija programom MCNP. Razmatrano je pet materijala (voda, beton,
aluminijum, gvo`|e i bakar) u oblasti energija inicijalnih fotona do 200 keV. Izra~unate su i
grafi~ki prikazane vrednosti totalnog brojnog albeda fotona u zavisnosti od energije
inicijalnih fotona ili od sredweg broja rasejawa fotona. Pokazano je da vrednosti totalnog
brojnog albeda, predstavqene u funkciji od sredweg broja rasejawa fotona, malo odstupaju jedne od
drugih za razli~ite materijale mete, te da se mogu aproksimirati jednostavnim univerzalnim
analiti~kim funkcijama dobijenim metodom najmawih kvadrata. Pore|ewem sa rezultatima
Monte Karlo programa FOTELP i PENELOPE potvr|ena je ta~nost analiti~kih aproksimacija.
Kqu~ne re~i: foton, ukupni ~esti~ni albedo, Monte Karlo simulacija, MCNP pro  gram,         
.........................FOTELP pro  gram, PENELOPE pro  gram